Introduction 40
In spite of significant efforts, the molecular components of atmospheric organic aerosol remain 41 largely unidentified. A primary difficulty is the presence of thousands of different compounds, 42 some of which react in aqueous or particulate-phase reactions to form complex oligomers. For 43 example, single particle measurements in late summer and fall of 2005 indicate that half of 44 organic aerosol particles in Los Angeles were significantly oligomerized (1) , and atmospheric 45 oligomers have been found to contain organic nitrogen (2). Aerosol oligomers are largely water-46 soluble, associated with light-absorbing organic compounds (brown carbon, BrC), and similar to 47 exposed to NH 3 (g) or NH 4 + (aq) (13) and when small aldehydes undergo aldol condensation 63 catalyzed by amino acids and ammonium ions (14-16). Aldol condensation is especially 64 efficient for producing BrC in solutions containing glycolaldehyde and methylglyoxal (17) . OH 65 radical oxidation of phenols quickly produces brown products (18), and aldehyde-radical 66 reactions produce oligomers under aerosol-like conditions (19) (20) (21) . Glyoxal, methylglyoxal, 67 glycolaldehyde, or hydroxyacetone react with ammonium sulfate (AS) (17, (22) (23) (24) (25) (26) (27) or primary 68 amines (17, 28, 29) to produce imine oligomers, N-containing aromatic derivatives, and a small 69 amount of highly absorbing brown products. The lifetime of both brown and high molecular 70 weight products from these reactions may be short during daytime in both clean and polluted air 71 masses due to photolysis (30), though more studies are needed to determine if all AS-aldehyde 72 systems and any amine-aldehyde systems behave as methylglyoxal-AS. These latter processes 73 are key elements of Maillard reactions (sugars + proteins), since sugars and proteins break down 74 upon heating into small aldehydes and individual amino acids. While aldehyde-amine reactions 75 are slow in bulk aqueous-phase studies at room temperature, they are accelerated in drying 76 aerosol particles by a factor of ~10 3 beyond any concentration effect (28), increasing the mass of 77 the residual dried aerosol (31). Although future studies are needed to determine the acceleration 78 of these reactions under intermediate relative humidity conditions, this acceleration makes 79
Maillard reactions potentially competitive with OH radical reactions as sinks for small aldehydes 80 in non-acidified aerosol (32) . 81
Here we analyze the products of bulk aqueous-phase reactions of the common atmospheric 82 aldehydes glycolaldehyde (GAld), glyoxal (GX), and methyglyoxal (MG) with AS and amines. 83
Rather than study the kinetics of formation, our goal is to compare the reported characteristics of 84 these products with published measurements of reference humic substances and atmospheric 85 The dried residues were redissolved in 18 MΩ deionized water, atomized using a Brechtel BMI 116
Aerosol Generation System, collected by impaction on silicon nitride slides (Si 3 N 4 , Silson, Ltd., 117
Northampton, England), and frozen until spectroscopic analysis. Scanning Transmission X-ray 118
Microscopy -Near Edge X-ray Absorption Fine Structure (STXM-NEXAFS) has previously 119 been employed to characterize individual organic aerosol particles at the carbon K-edge (33-36) . 120
Particles were analyzed on Beamline 5.3.2 at the Lawrence Berkeley National Laboratory 121
Advanced Light Source facility. Details of the energy calibration, sample handling, and data 122 analysis are presented in (34). Each particle is scanned from 280 to 320 eV; the scan results in a 123 pixelated image of each particle based on carbon absorption intensity at any point along the 124 carbon K-edge. A post-analysis Matlab (Mathworks) processing algorithm was used to define the 125 particle in each stack of images and obtain particle-average spectra (33). 126
127

Results and Discussion 128
Fluorescence. Many atmospheric aerosol particles, especially in biogenic-dominated air 129 masses, are strongly fluorescent.
The fluorescence of atmospheric HULIS BrC was 130 characterized by Graber and Rudich (4) with excitation / emission peaks at 340/450 nm ("fulvic-131 7 like") and 250/430 nm ("humic-like"). SOA produced in the α-pinene + O 3 system becomes 132 strongly fluorescent in the presence of NH 3 (13). Aqueous-phase reactions of small aldehydes 133 with AS and amines also generate highly fluorescent products (17). The fluorescence of a few of 134 these reaction systems is compared with atmospheric WSOC collected in Portugal (37) in Figure  135 1. Glyoxal-AS and glyoxal-glycine reaction products fluoresce at wavelengths that match the 136 fulvic-like fluorescence peak commonly seen in atmospheric HULIS BrC, while formaldehyde-137 AS reaction product fluorescence matches the humic-like peak. Additionally, the peak 138 fluorescence wavelengths of the products of these three reactions are stable even at long reaction 139 times in the bulk phase (17). Other aldehydes, such as MG and GAld, also generate intensely 140 fluorescent product mixtures when reacting with AS and amines, but peaks shift to longer 141 wavelengths during the course of reaction due to lengthening of conjugated products by aldol 142 condensation (17). Interestingly, the narrow 2.42 ppm peak is the strongest (non-solvent) signal in both the MG-210 methylamine reaction products spectrum and the HULIS extract from NIST 1648 urban dust (3). 211
A broader peak at 1.25 ppm is also present in both spectra. While the large number of aerosol 212 NMR spectra used to generate the PMF factor spectrum eliminate most narrow NMR peaks due 213 to individual compounds, the resulting three broad peaks labeled "HC-O" "HC-C=O" and "HC" 214 in the HULIS factor (Figure 5c ) match the location of broad peaks in the MG-methylamine 215 reaction mixture more closely than the other PMF factor spectra do. The relative sizes of the 216 broad peaks are different, however, with the atmospheric HULIS spectra containing greater 217 signals from aliphatic hydrogens ("HC"). 218
In Figure 6 we compare an overlay of 13 C NMR spectra for aldehyde-amine reaction mixtures 219 with rural HULIS extracts (48). The strongest 13 C peak observed in the HULIS extract is the 220 unsubstituted aliphatic carbon peak centered at 30 ppm, which matches the location of aliphatic 221 C in arginine and ornithine side chains in the reaction mixtures. Signals due to carbon atoms 222 singly bound to an N or O atom appear between 40 and 65 ppm. Most of these peaks might 223 contribute to the broad 30 and 55 ppm peaks observed in the HULIS extract, but not the broad 224 peak at 70 ppm, which we assign to C singly bound to both N and O. Only aldehyde-arginine 225 products have similar shifts, due to carbons labeled A and B in Figure 7 inset (49). The strong 226 peak at 90.5 ppm is observed only in GX reaction mixtures, and is due to the dissolved and fully 227 hydrated glyoxal monomer. In solid aerosol extracts, this peak would be replaced by glyoxal abundant homologous series of oligomers were methylated imidazoles and pyrazines, which are 281 also major aqueous-phase products of dicarbonyls and hydroxyaldehydes reacting with AS and 282 amines (22, 25, 49) . While the study notes that alkaloid compounds like these are abundant in 283 pine foliage, these compounds could also be produced by the Maillard reaction of carbohydrates 284 in the presence of proteins at elevated temperatures, conditions where BrC would also be 285 produced. Since N-heterocyclic alkaloid compounds are produced by both biomass burning and 286 aqueous aldehyde-amine Maillard chemistry, these compounds are not usable as tracers for only 287 one of these BrC sources. 288 289 STXM-NEXAFS. Carbon K-edge X-ray absorbance spectra from GX-methylamine reaction 290 mixtures share more features with atmospheric HULIS samples than with humic reference 291 material (Figure 8 ). Based on relative peak area, it is clear that fulvic acid fractions have fewer 292
and narrower peaks and a greater aromatic content than atmospheric samples, consistent with 293 previous studies (4). The atmospheric samples shown were all influenced by biomass burning 294 (36, 57) . In the region between 288.5 and 290 eV containing both O-substituted alkyl carbon (36) 295 and C-N carbon absorbances (58), fulvic acid standards have little absorbance while atmospheric 296 samples have significant absorbance. Glyoxal-methylamine reaction mixtures have less 297 absorbance at 285.1 eV than either reference material or atmospheric samples, indicating less 298 aromatic C=C content. However, the atmospheric HULIS sample containing slightly aged smoke 299 shares the broad, featureless absorbance between 284 and 287 eV. The absorbance between 286 300 and 287 eV can be attributed to C=N bonds and O-substituted aromatic carbon, among other 301 groups, making this region typically too ambiguous for specific group assignment. The GX-302 methylamine reaction mixture product particles appear to have less carboxyl carbonyl and more 303 amide carbonyl signature, with the large peak near 288 eV shifted to lower energy than in the 304 atmospheric samples. This is consistent with elemental analyses showing the higher N/C ratio of 305 aldehyde-amine reaction products relative to atmospheric samples and with the proposed 306 products (28). The overall similarity between the GX-methylamine product spectrum and the 307 atmospheric samples supports the notion that products formed from small aldehydes and amines 308 are chemically similar to many types of atmospheric HULIS. 309 310 HTDMA. Water uptake measurements of HULIS show continuous uptake without distinct 311 deliquescence, efflorescence, or hysteresis (59, 60) . This type of behavior is observed for 312 complex mixtures. The reactions of GX, MG, and GAld with amines produce complex mixtures 313 with very similar continuous water uptake behavior (61). A useful parameter, κ, was introduced 314 by Petters and Kreidenweis (62) in order to describe hygroscopicity of dried aerosol using a 315 single term. To determine if these Maillard reactions produce material with similar 316 hygroscopicity to atmospheric HULIS, hygroscopicity kappa parameters (κ) are calculated from 317 measured growth factors for all of these systems reported in (61). The results of this comparison 318 are shown in Figure S1 . Atmospheric HULIS extracts show a wide range of measured kappa 319 parameters, from 0.02 (winter rural forest) to 0.26 (polluted urban) (59). This range includes 320 kappa parameters measured for GX, MG, and GAld-amine reaction products (κ = 0.05 to 0.2), 321 but also the hygroscopicity of many other organic species, including ozonolysis SOA generated 322 from a variety of precursors (63). 323 324 Thermal profiling. Thermogravimetric analysis (TGA) of aldehyde -amine aqueous reaction 325 products under an inert atmosphere (31) has shown that peak thermal breakdown depends on the 326 reaction system, but occurs between 180 and 370 °C. Thermograms are shown in Figure S2 , 327 normalized at the starting and ending experimental temperatures (105 and 450 °C, respectively). 328
Thermograms of fine continental organic aerosol have two thermal breakdown peaks, the first 329 attributed to volatiles and the second (at ~260 °C) to oligomerized material (64). A study of 330 rural / coastal WSOC also observed a third region of thermal breakdown (near 500 °C) attributed 331 to stable aromatics (65). Volatilization of aldehyde-amine reaction mixtures occurs over a range 332 roughly consistent with organic aerosol oligomers, but not with stable aromatic WSOC species. 333 334 Surface Activity. HULIS have been found to be surface active (4), especially the polyacidic 335 fraction (66). The uptake by AS aerosol of MG or acetaldehyde from the gas phase at 65% RH 336 enhances aerosol CCN activity (67), an effect attributed to surface activity of the aldehydes 337 themselves. However, while GX and its reaction products are not surface active (23), the 338 combination of reactions involving GX and MG would still be expected to produce some 339 surface-active products. 340
341
The notable similarity between atmospheric HULIS BrC extracts and the products of aqueous-342 phase aldehyde-amine indicates that these reactions are plausibly significant sources of 343 atmospheric HULIS BrC. Aerosol-based kinetic studies under atmospheric conditions will be 344 necessary to quantitate the size of this source, however. The similarity across a wide range of 345 optical, physical, and chemical parameters summarized above suggests that the practice of using 346 aldehyde + amine reactions to produce "lab-generated" nitrogen-containing HULIS BrC material 347
(when extracts of atmospheric aerosol are not available in adequate quantities) is reasonable. 
Supporting Information 359
Additional details regarding STXM-NEXAFS analysis are provided in the SI. We also provide 360 additional discussion of the shape of UV/visible absorption spectra, specific functional group 361 identification of FTIR spectra, and additional discussion of hygroscopicity measurements. Figure  362 S1 contains the hygroscopicity parameter κ for samples in this study and in other atmospheric 363
HULIS measurements. Figure S2 shows the results of thermogravimetric analysis (TGA) for 364 amine-aldehyde products compared with rural PM 1 aerosol. Figure S3 
